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2124 | Soft Matter, 2014, 10, 2124–2131Intrinsic viscosities of polyelectrolytes: specific salt
effects and viscometric master curves
Xiaopeng Xiongab and Bernhard A. Wolf*bc
Dilute solutions of the sodium salt of polystyrene sulfonic acid (PSS-Na) were measured viscometrically as a
function of composition in aqueous solvents of different salinity, where the extra salt was either NaCl or
CaCl2. Such experiments yield {h}, the generalized intrinsic viscosities (hydrodynamic specific volume) of the
polyelectrolyte for arbitrary polymer concentrations, c. In the limit of infinite dilution {h} becomes identical to
the intrinsic viscosity [h]. For NaCl {h} decreases monotonously with rising c, whereas maxima are passed in
the case of CaCl2. Condensing c and the concentration of extra salt in the mixed solvent into a single variable
enables the establishment of predictive master curves. The viscometrically observed changes in the spatial
extension of the individual polymer coils are discussed in light of the corresponding thermodynamic information.1 Introduction
The special and oen unique combination of hydrophobic and
hydrophilic properties within one macromolecule provokes
continuous interest in polyelectrolytes. From the very beginning
of research in this area, particular attention has been paid to the
specic interactions between the charges xed on the polymer
backbone and extra salt. First theoretical considerations
dealing with this phenomenon are attributed to Manning,1 who
has introduced the term counter ion condensation. Meanwhile
this concept has been substantially modied2,3 to meet experi-
mental ndings. Since the sixties of the last century it is known
that solutions of highly charged polyelectrolytes may phase
separate due to the presence of multivalent counter ions.4,5 This
phenomenon is nowadays oen explained in terms of electro-
static bridging between monomers via the condensed counter
ions.6–8 Thermodynamic studies with dilute solutions were
initiated by Kitano and coworkers,9 who performed light scat-
tering measurements using aqueous poly(sodium acrylate)
solutions in the presence of extra salt. Schmidt10 and coworkers
have studied the coil contraction of sodium polymethacrylate in
dilute aqueous sodium chloride solution caused by a partial
replacement of Na+ ions with Ca++ or Cu++.
The industrial interest in polyelectrolytes is unbroken. More
detailed information on actual and possible future uses can be
found in a recent publication on the scattering of polyacrylate
solutions in the presence of lead ions.11 Such applications are
for instance as antiscalant agents, as additives in watergineering, College of Materials, Xiamen
nes Gutenberg-Universität Mainz, Jakob-
E-mail: bernhard.wolf@uni-mainz.de
Mainz, Germanydesalination processes and as efficient dispersants of minerals.
Polyelectrolytes and multivalent ions also play an important
role in the context of biomineralization. Furthermore the
presence of multivalent ions is generally relevant in the eld of
bioscience, as documented by numerous contributions on the
inter-DNA attractions mediated by divalent counter ions.12,13
All investigations addressed so far are of thermodynamic
nature. For a more comprehensive understanding of the effects
of counter ion condensation and electrostatic bridging of
polyelectrolyte monomer units it would be interesting to
complement this information by viscometric studies. Intuitively
one might consider such a comparison improper because of the
non-equilibrium nature of energy dissipation. This apprehen-
sion is, however, not justied as long as the viscosity of a system
constitutes a variable of state as demonstrated earlier.14 The
considerations detailed in the cited reference are briey recal-
led in the following.
Eqn (1) describes the relative change of h as a function of
concentration c (mass per volume), temperature T, hydrostatic
pressure p and shear rate _g.
d ln h ¼

v lnh
vc

T ;p; cg
dcþ

v lnh
vT

c;p; cg
dT þ

v ln h
vp

c;T ; cg
dp
þ
 
v lnh
v cg
!
c;T ;p
d cg (1)
For p, T ¼ const. and Newtonian behavior of the uid, the
above relationship reduces to
v ln h
v c

T ;p; cg
¼ fhg (2)
where {h} represents a generalized intrinsic viscosity14,15 and
signies the hydrodynamic specic volume of the polymer coilThis journal is © The Royal Society of Chemistry 2014
Fig. 1 Dependence of the natural logarithm of the relative viscosities
for PSS-Na solutions as a function of polymer concentration for pure
water and different mixed solvents consisting of water plus NaCl. The
curves are modeled by means of eqn (6).
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View Article Onlinein solution at concentration c. The limiting value of {h} for
innite dilution gives access to the intrinsic viscosity [h] of the
polymer
lim
c/0
cg/0
fhg ¼ ½h (3)
representing the specic hydrodynamic volume of isolated
polymer coils.
The denition of [h] formulated in eqn (3) is identical with
the traditional denition according to Huggins:16
lim
c/0
cg/0
h hs
hsc
¼ lim
c/0
cg/0
hrel  1
c
¼ ½h (4)
However, in one respect the above equations differ funda-
mentally: the intrinsic viscosity is according to eqn (2) and (3)
obtained from the slope of ln h (or of ln hrel) as a function of c,
whereas eqn (4) requires the determination of a limiting value
of the type “zero divided by zero” (the differences in the
viscosities of solution and of solvent approach zero for c / 0).
This feature remains inconsequential for normal polymer
solutions but becomes decisive in the case of polyelectrolytes.
The reason is that changes in the spatial extension of charged
polymer coils persist to such low concentrations that the
experimental precision of viscosity measurements does no
longer permit a reliable extrapolation to innite dilution.
According to the above said,14 it is possible to obtain intrinsic
viscosities from the initial slope of the dependence of ln hrel on
polymer concentration c
½h ¼ lim
c/0
cg/0
v ln hrel
vc
(5)
This procedure is generally applicable, irrespective of
whether the polymers are charged or not, and it is independent
of the presence or absence of extra salt as exemplied for
stepwise charged dextran samples.17 Data evaluation by means
of eqn (5) has contributed to a better understanding of the
effects of extra salt on the coil dimensions of polystyrene
sulfonate15 and of peripherically charged dendronized poly-
(methyl methacrylate)s as compared with their uncharged
analogues.18 It also enabled the rationalization of phase
diagrams measured for joint aqueous solutions of polycations
and polyanions.19
To our knowledge no viscometric experiments with the
present goal have yet been performed. The only publication we
could nd is almost y years old20 and deals with the viscosity
of aqueous solutions of poly(methacrylic acid) as a function of
the degree of neutralization during the titration with barium,
strontium, and calcium hydroxide. For that reason we have
performed the measurements reported here. Aqueous solutions
of the sodium salt of polystyrene sulfonic acid (which can be
bought with narrow molecular weight distribution) in combi-
nation with CaCl2 as extra salt turned out to be most appro-
priate for that purpose, because of the unrestricted miscibility21
of the calcium salt of the polystyrene sulfonic acid and water.This journal is © The Royal Society of Chemistry 20142 Experimental
Poly(styrene sulfonate) sodium (PSS-Na, Lot#pss200305) with a
weight-average molecular weight of 75.6 kg mol1 and poly-
dispersity index less than 1.20 was purchased from Polymer
Standard Service (PSS, Mainz, Germany). According to the
producer it is 100% sulfonated. Its degree of polymerization
amounts to 367. Sodium chloride and calcium chloride were
reagent grade and were supplied by Sigma-Aldrich. PSS-Na was
dissolved either in pure Millipore-Q water or Millipore-Q plus
dened amounts of salt. Viscosities were measured at 25 C by
means of an Ubbelohde capillary viscometer (0a, capillary
diameter of 0.53 mm) in combination with an automatic
viscosity measurement system (Schott Instruments, Mainz,
Germany).3 Results and discussion
For the interpretation of the different effects of NaCl and CaCl2
on the viscometric behavior of PSS-Na an investigation on the
“scaling” of CaCO3 reported22 recently in the literature turned
out to be very helpful. Cölfen and coworkers have studied the
time dependence of the amount of free Ca++ ions in the pres-
ence of different concentrations of PSS-Na. They found that the
polymer dissolved in pure water binds about 0.31 Ca++ ions per
sulfonate group. This kind of complexation between PSS and
Ca++ needs to be taken into account when comparing the
viscometric behavior of PSS-Na solutions in the presence of
either CaCl2 or NaCl.3.1 Viscosities as a function of polymer concentration
The following two graphs show how the viscosity of the dilute
polyelectrolyte solution rises with c in pure water and in water
containing different amounts of salt. Fig. 1 states the results for
NaCl and Fig. 2 for CaCl2. For pure water, i.e. in the absence of
extra salt, the slope decreases monotonously with rising c. For
sufficiently high salt concentrations the dependencies become
linear in both cases. The most striking difference between the
two salts lies in the shape of the curves at moderate saltSoft Matter, 2014, 10, 2124–2131 | 2125
Fig. 2 The same as Fig. 1 but for CaCl2 instead of NaCl. The curves for 2
104, 1 103 and 5 103 mol L1 CaCl2 (exhibiting points of inflection)
were modeled by means of eqn (7), the rest by means of eqn (6).
Table 1 (a) Parameters obtained from the modeling of ln hrel as a
function of polymer concentration according to eqn (5). (b) Parame-
ters obtained from the modeling of ln hrel as a function of polymer
concentration according to eqn (6)
(a)
[h] (mL g1) Error B Error [h]c (mL g1) Error
H2O 1450.0 83.6 2.124 0.075 70.8 3.3
NaCl
104 M 786.0 13.8 1.70 0.04 56.6 2.0
103 M 235.0 5.8 0.61 0.05 0 —
102 M 70.0 0.71 0 0 0 —
1 M 16.8 0.02 0 0 0 —
CaCl2
101 M 13.26 0.11 0.95 0.12 0 —
(b)
CaCl2
[h]/
(mL g1) 
a/
(mL g1)2 a
b/
(mL g1)2 b
cPI/
(mL g1)
2  104 M 91.5 4.9 0.587 0.0240 1.950 0.140 0.55
1  103 M 19.6 9.6 0.091 0.0104 1.730 0.011 1.70
5  103 Ma 18.0 8.6 0.008 0.0004 0.008 0.002 6.50
5  103 Ma 12.0 2.8 0.010 0.0010 0.011 0.002 5.50
1  103 M 13.2 0.1 0.000 — 0 — —
a For the CaCl2 concentration of 5mML
1 themodeling becomes rather
uncertain because neither eqn (5) nor (6) describes the dependence with
sufficient precision. The above two sets of values were obtained by
means of eqn (6) varying the starting parameters within reasonable
limits.
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View Article Onlineconcentrations. In the case of NaCl the dependence of ln hrel on
c remains qualitatively the same as for pure water. In the case of
CaCl2, however, some curves exhibit a point of inection. These
differences are most likely caused by the complexation prop-
erties of Ca++ mentioned above.
Eqn (6) has in the past turned out to be best-suited for the
modeling of the viscosities of polyelectrolyte solutions in pure
water or in water containing sufficient amounts of extra salt.
ln hrel ¼
½hcþ B½h½hcc2
1þ B½hc (6)
B represents a dimensionless viscometric interaction parameter;
the term containing the parameter [h]c is only required for
charged macromolecules and has the same dimension as [h]. So
far eqn (6) was only applied to monovalent salts (mainly NaCl).
Here we are also studying the effects of CaCl2 (where the
cation is divalent). In this case eqn (6) fails if the concentration
of the extra salt lies below a characteristic limiting value: ln hrel
does no longer vary monotonously with polymer concentration
but exhibits a point of inection, as can be seen in Fig. 2. The
following equation models the behavior of PSS-Na in aqueous
solution of low CaCl2 content best.
ln hrel ¼ ½hcþ
ac2
1þ bc2 (7)
In addition to [h] it contains two more parameters, namely a
and b; this means that the hydrodynamic interaction between
the polyelectrolyte molecules varies with polymer concentra-
tion, in contrast to eqn (6). We have tried several other possi-
bilities to describe ln hrel as a function of c (like treating the
parameter B of eqn (6) composition dependent or formulating
different types of series expansions) but eqn (7) is the only one
which reproduces the measured data quantitatively with the
given number of parameters. For cPI, the polymer composition
at the point of inection, eqn (7) yields
cPI ¼ 1ffiffiffiffiffi
3b
p (8)
Table 1a collects the parameters obtained by means of eqn
(6) and Table 1b collects those obtained from eqn (7).2126 | Soft Matter, 2014, 10, 2124–21313.2 Viscosities as a function of solvent salinity
In order to demonstrate more explicitly how the viscosities
change with rising salinity of the solvent, ln hrel is in the
following two graphs plotted as a function of the logarithm of
molarity of either NaCl (Fig. 3) or CaCl2 (Fig. 4). The data points
were read from the curves of the previous two graphs.
Changes in characteristic properties y of polyelectrolyte
solutions (like ln hrel or [h]) caused by increasing concentrations
x of additional salt (either molarities or ionic strengths) can be
modeled quantitatively by the following Boltzmann sigmoid
y ¼ a e
bðxxoÞ þ u
1þ ebðxxoÞ (9)
in which b stands for
b ¼ 4s
a u (10)
and parameter a represents the limit of y in the absence of extra
salt; u is its limiting value for high salt concentrations and xo
stands for the salt concentration at the point of inection.
The addition of NaCl to aqueous PSS-Na solutions reduces
their viscosity only via increased electrostatic shielding (coil
shrinkage at given polymer concentration); limiting dimensions
are reached for high salt contents. Another phenomenon comes
in with CaCl2 because of the preferential interaction of Ca
++This journal is © The Royal Society of Chemistry 2014
Fig. 3 Dependence of ln hrel on the NaCl concentration of the solvent.
The curves are calculated according to eqn (9) and (10).
Fig. 4 As Fig. 3 but for CaCl2 instead of NaCl.
Fig. 5 Comparison of the intrinsic viscosities of PSS-Na in different
mixed solvents. The horizontal bar between the curves for the extra
salts CaCl2 or NaCl shows how much the curve for Ca
++ needs to be
shifted to the right to convert the composition variablemol L1 to ionic
strength. Also indicated in this graph is the intrinsic viscosity of poly-
styrene (with the same degree of polymerization as PSS-Na) in a theta
solvent.24 The curves are calculated by means of eqn (9) and (10).
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View Article Onlinewith PSS. This phenomenon leads to local charge reversals and
consequently amplies coil shrinkage: Fig. 4 shows that CaCl2 is
indeed considerably more efficient than NaCl. In addition to the
formation of positive charges along the polymer backbone one
also needs to consider the formation of intermolecular cross-
links. These structures should increase the dissipation of
energy (pull along effect) and act in the opposite direction.
However, because of the low polymer concentrations used for
the present measurements, the probability for the formation of
such bridges is obviously too low for this effect to become active.
In this context it is interesting to note that physical cross-link-
ing was also reported23 for an aqueous solution of sodium
alginate of higher polymer concentration plus cupric ions.
3.3 Intrinsic viscosities
In contrast to the considerations of the last chapter, dealing
with nite polymer concentrations, it is the limiting behavior at
innite dilution which is of interest here. For CaCl2 this
means that only intra-molecular interactions between Ca++ and
PSS need to be considered. Under such circumstances, the
formation of monocomplexes as well as that of dicomplexes
(cross-links between two segments belonging to the same
molecule) can contribute to a reduction in coil volume. The
experimental data for the two types of extra salt shown in Fig. 5
agree well with the above considerations. In all cases (neglectingThis journal is © The Royal Society of Chemistry 2014the region of extremely high dilution where experimental data
are missing) the [h] values for CaCl2 are considerably lower than
those for NaCl. The intrinsic viscosity of the present poly-
electrolyte in pure water amounts to 1450 mL g1; a concen-
tration of 103 mol NaCl per liter reduces this value to 235 mL
mol1, whereas the same concentration of CaCl2 yields 19.6 mL
g1. A further obvious difference between the effects of the two
salts lies in the much steeper transition for Ca++. This feature
can probably be attributed to the above-mentioned charge
reversal, which is active in addition to the mere electrostatic
shielding.
The effects demonstrated in Fig. 5 do not change funda-
mentally upon the replacement of molarities against ionic
strengths, as can be judged by the horizontal bar quantifying
the required displacement of the Ca++ curve to the right, as
shown in this graph between the two dependencies. The
modeling of the dependencies yields a limiting value of [h] for
large Ca++ concentrations which is somewhat lower than that
for Na+ and even lower than the dimensions of the uncharged
analogues under theta conditions. This nding could be
rationalized in terms of an intra-molecular cross-linking of
the PSS-Na coils by Ca++ ions leading to their anomalously
high shrinkage. This nding should, however, not be over-
valued in view of the experimental uncertainties, even though
it is expected.
3.4 Generalized intrinsic viscosities
Information on the composition dependence of the specic
hydrodynamic volume of the polymer coils, i.e. concerning the
generalized intrinsic viscosity {h} can be obtained from the
slope of the plots ln hrel versus polymer concentration. Eqn (6)
yields the following relationship for the composition depen-
dence of the generalized intrinsic viscosity
fhg ¼
½h

1þ 2B½hcc

1þ B½hc 
B½h

½hcþ B½h½hcc2

ð1þ B½hcÞ2 (11)Soft Matter, 2014, 10, 2124–2131 | 2127
Fig. 7 As Fig. 6 but for CaCl2 instead of NaCl.
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View Article Onlineas compared with eqn (7) which gives
fhg ¼ ½h þ 2ac
1þ bc2 
2abc3
ð1þ bc2Þ2 (12)
For the assessment of the effects of additional salt on the
viscometric behavior of polyelectrolyte solutions it is necessary
to compare the results not only in terms of molar concentra-
tions but also with respect to the ionic strength I, which is
dened in the following way
I ¼ 1
2
X
Mizi
2 (13)
Mi is the molarity of the ionic species i and zi is its number of
charges.
For uncharged macromolecules and for all polyelectrolytes
and types of extra salts studied so far14,15,25,26 the polymer coils
shrink steadily as the polymer concentration rises. Fig. 6 gives a
further example for this typical behavior. The intercrossing of
the different lines for extremely low NaCl concentrations in the
aqueous solvent is probably due to insufficient experimental
accuracy; errors are considerably magnied by the differentia-
tion required for the determination of {h}. Once the salt
concentration exceeds 5 mM, the coil dimensions become
independent of the polymer concentration within the studied
regime. For the sake of comparison this graph also shows the
intrinsic viscosity of polystyrene with the same number of
monomeric units in a theta solvent; under these special
conditions the coil dimensions should become independent of
the polymer concentration, i.e. [h] ¼ {h}.
With CaCl2 as extra salt the behavior changes fundamentally
as demonstrated in Fig. 7: here the coil dimensions initially
increase with rising polymer concentrations. This observation is
tentatively attributed to the preferential interaction of Ca++ with
the –SO3
 groups of the polyelectrolyte.22 Denoting the mono-
mer unit of the polymer backbone under consideration within
brackets, we can write:Fig. 6 Composition dependence of the generalized intrinsic viscosi-
ties (cf. eqn (11)) for different NaCl concentrations of the solvent. These
curves originate from the intrinsic viscosity of the polyelectrolyte in the
respective mixed solvent and illustrate how the coils shrink with rising
polymer concentration. The influence of polymer concentration on {h}
fades out as the salinity of the solvent exceeds z5 mmol. The dotted
line denotes the intrinsic viscosity of uncharged polystyrene with the
same number of monomeric units in a theta solvent.24
2128 | Soft Matter, 2014, 10, 2124–2131(Na+PSS) + Ca++ + 2Cl 4 (Ca*PSS*Cl)+ + Cl (14)
For the low degrees of coil overlap of the present interest, the
concentration of the extra salt within the polymer free solvent
regions and within the individual polymer coils should be
governed by an equilibrium constant according to the above
equation such that the Ca++ concentration inside the coils
exceeds the outside concentration considerably. This effect
would naturally be the largest for innite dilution, i.e. isolated
coils. Rising polymer concentration requires a re-equilibration
of the Ca++ ions because of the competition of other solute
molecules for this component.
This situation implies an increase of {h} due to the lower
extent of charge reversal. This ascent does, however, not prevail
indenitely because of the increasing electrostatic shielding due
to the additional polyelectrolyte acting towards coil shrinkage. It
is evident that height and position of the maxima in {h} depend
on the selected over all extra salt concentration of CaCl2. Higher
salt contents require higher polymer concentrations to transfer
Ca++ ions out of the individual coils in the course of the rees-
tablishment of the microphase equilibrium. In summa this
means that themaxima become lower and shi to higher c values
(as shown in the graph). For sufficiently high extra salt concen-
trations the electrostatic shielding is so dominant that maxima
can no longer be detected within the present range of polymer
concentrations (still visible for 0.1 M CaCl2).3.5 Master curves
So far we have dealt with the polyelectrolyte concentration and
the concentration of extra salt separately. For modeling and
predicting purposes it would be advantageous to implement a
composed variable, quantifying the combined effects. Starting
point for the establishment of such a “master dependence” is
the introduction of rM, a molarity ratio, according to
rM h
Mcat
Mseg
(15)
Mcat stands for the molarity of the extra salt (here Na
+ or Ca++)
and Mseg for the molarity of polymer segments calculated fromThis journal is © The Royal Society of Chemistry 2014
Fig. 9 The same as Fig. 8 but replacing the molarity of the cations in
the definition of the ratio r (cf. eqn (14) and (16)) by the ionic strength of
the respective salt solution. The curves are calculated by means of eqn
(9) and (10).
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View Article OnlinecPSS-Na. This newly introduced variable states the number of
extra cations per monomer unit of the polyelectrolyte. Plotting
the measured viscosities as a function of rM still yields different
curves for each polymer concentration. We therefore normalize
the dependent variable ln hrel to the value it assumes for rM ¼ 0.
For that purpose we divide ln hrel in each case by ln hrel,o, the
value of ln hrel in the absence of extra salt. The behavior in pure
water is obtained as rM approaches zero and a system specic
limiting value is reached for sufficiently large rM. Each rM value
can be realized in manifold ways; to keep rM constant, an
augmentation of extra salt needs to be compensated by an
equivalent rise in polymer concentration. The master curves
obtained in the manner described above are shown in Fig. 8.
They enable the prediction of solution viscosities for the
systems water/NaCl/PSS-Na and water/CaCl2/PSS-Na: the values
of the abscissa are known (rM is given by the polymer concen-
tration plus the salinity of the solvent) and the corresponding
values of the ordinate can be read from the curves. This means
that ln hrel for the solution of interest can be calculated under
the sole condition that the viscosity of the solution of the
polyelectrolyte in pure water (ln hrel,o) is known.
The noticeable quantitative difference between the two
master curves of Fig. 8 is not surprising in view of the prefer-
ential interaction of Ca++ with the polyelectrolyte. Less antici-
pated is the absence of qualitative differences in their shape
despite the fact that ln hrel as a function of polymer concen-
tration exhibits points of inection for Ca++ in contrast to Na+.
This seeming contradiction is caused by the way the combined
variable rM is dened: for the modeling of ln hrel according to
eqn (6) or (7) the polyelectrolyte concentration c was chosen as
the independent variable; in the case of the master curves this
variable is replaced by its reciprocal. As checked with the
primary data, points of inection are indeed absent when
plotting ln hrel as a function of 1/c, the specic volume of the
polyelectrolyte in solution.
A more quantitative comparison of the master curves pre-
sented in Fig. 8 shows the markedly larger efficiency of Ca++
with respect to the reduction of the normalized viscosity of the
polyelectrolyte solutions as compared with Na+. The most rapid
changes (occurring in the points of inection) requireFig. 8 Viscometric master curves for the system water/NaCl/PSS-Na
and water/CaCl2/PSS-Na at 25 C; rM is the number of cations of the
extra salt per polyelectrolyte segment and ln hrel,o represents the
natural logarithm of the relative viscosity in pure water. The curves are
calculated by means of eqn (9) and (10).
This journal is © The Royal Society of Chemistry 2014approximately one Ca++ ion per 12 polyelectrolyte segments,
whereas the same effect requires almost three times more Na+
ions. This number three is probably no coincidence but caused
by the factor interrelating molarities and ionic strengths of
Ca++. Furthermore it appears interesting to compare the above
ratio with a theoretical prediction3 according to which the total
charge reversal should take place as the Ca++ concentration
becomes approximately half the monomer concentration. The
Ca++ concentration at the point of inection is about six times
lower.
In order to account for the above nding and to enable a
direct comparison of the role of the molarity of the cations with
that of the ionic strength Isalt of the salt, we introduce rI – by
analogy to rM – as
rI h
Isalt
Mseg
(16)
Fig. 9 shows that the differences between the efficiencies of
Ca++ and Na+ shown in Fig. 8 become much less pronounced in
terms of rI (ionic strengths) as compared with rM (molarities).
From the parameters and their accuracy collected in Table 2 it is
obvious that the only difference between the two master curves
that remain outside experimental uncertainties lies in their
slopes. The points of inection are practically identical on this
scale; the dissimilarities in the lower limits of the viscosity
reduction at high salt contents appear plausible in view of the
molecular considerations presented earlier but they are not
conclusive.
Fig. 9 demonstrates that the transition from the viscosities in
pure water to the viscosities at high salt concentrations takeTable 2 Parameters of eqn (9) and (10) obtained from the adjustment
of the data shown in Fig. 8 (referring to rM) after conversion to the
variable rI. The curves of Fig. 9 are calculated by means of these
parameters
a  u  s  xo 
Na+ 1  0.076 0.012 0.509 0.023 0.617 0.027
Ca++ 1  0.054 0.012 0.656 0.025 0.591 0.020
Soft Matter, 2014, 10, 2124–2131 | 2129
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View Article Onlineplace in a markedly lower range of rI values for CaCl2 as
compared with NaCl. This behavior is likely due to the specic
interactions of Ca++ with the polyelectrolyte. As long as rI
remains below its value at the point of inection, the reduction
in viscosity is damped by a positive contribution resulting from
the diminution of the Ca++ concentration inside the individual
polymer coils (expansion of polymer coils, cf. maxima of {h} in
Fig. 7). For rI > rI,inection on the other hand, the higher shielding
efficiency of the divalent cation should become dominant so
that the viscosity falls more rapidly with rising rI than in the
case of NaCl. It appears worthwhile to note that this difference
in the transition behavior observed with polyelectrolyte solu-
tions of arbitrary concentration agrees well with the corre-
sponding behavior of isolated chains (cf. Fig. 5).
The observations presented in this paragraph raise the
question of whether the master curves obtained for the mono-
and the divalent counter cations are general. Intuitively one
should anticipate dissimilar dependencies if the valency of the
counter anions is altered. Likewise inuences of the chain
stiffness of the polyelectrolytes are expected. Additional
directed experiments are, however, required to answer these
questions.
4 Conclusions and outlook
The inuence of extra salt (either NaCl or CaCl2) on the visco-
metric behavior of dilute PSS-Na solutions differs fundamentally
in some respects but also show a number of common features. A
comparison in terms of salt molarities discloses that Na+ shrinks
the dimensions of individual polyelectrolyte coils – as measured
by [h] – considerably less efficient than Ca++. In the case of the
monovalent salt the generalized intrinsic viscosity {h} decreases
continuously with rising salinity of the solvent, in contrast to the
divalent salt, where {h} passes a maximum. Despite these
differences it is possible to obtain master curves of the same
mathematical nature by means of a composed independent
variable containing the polymer concentration in its nominator.
The only dissimilarities that remain in terms of themaster curves
concern the steeper transition from the values in pure water to
the saturation behavior with a sufficiently large surplus of the
extra salt. For CaCl2 this change takes place more rapidly and
reaches a slightly lower boundary. These similarities in combi-
nation with theoretical considerations2,3 suggest that the two
salts differ only in the different extent of specic interactions
(counter ion condensation, bridging properties) of Na+ and Ca++
with the sulfonate groups of the polyelectrolyte units.
Several of the reported phenomena observed in viscometric
experiments should be complemented by equivalent thermo-
dynamic measurements. This is particularly true for the
uncommon composition dependence of coil dimensions in the
case of CaCl2. In the case of a conrmation of this phenomenon
it may play an interesting role for transport processes in the
eld of biosciences. It should also be checked whether indica-
tions for a coil collapse below the theta values in the case of
CaCl2 can be corroborated. Further interesting items concern
the possibility to draw conclusions from themaximum slopes of
the master curves with respect to phase separation; intuitively2130 | Soft Matter, 2014, 10, 2124–2131one would expect that the steepness of the curves in the tran-
sition region increases as the specic interactions becomemore
favorable. An innitely large limiting slope could possibly
dene the boundary between full miscibility of the components
and phase separation, where the reason for demixing would lie
in the additional reduction of the Gibbs energy by larger
numbers of favorable contacts between the ions of the extra salt
and the charges attached to the polymer backbone of the
polyelectrolyte.
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